Eight temperature-sensitive (ts) mutants that replicate normally at 32 C but poorly, if at all, at 39.5 C have been isolated from mutagenized stocks of a wildtype strain of type 5 adenovirus. Three mutagens were employed: nitrous acid, hydroxylamine, and nitrosoguanidine. Ts mutants were isolated from mutagenized viral stocks with frequencies between 0.01 and 0. MATERIALS AND METHODS Virus. The prototype strain of type S adenovirus used in this laboratory was found to plaque with half the efficiency at 39.5 C as at 37 C. We therefore sought a strain which would plaque equally well at these two temperatures. The desired virus designated as the wild-type (WT) strain was obtained after 10 serial passages in KB cell suspension cultures at 39.5 C, followed by two cycles of plaque purification at 39.5 C; all of the ts mutants described below were isolated from it. The efficiency of plating of WT virus 328 on November 1, 2017 by guest
The structural components of the adenovirus virion have been identified (18, 28, 29) , and biochemical analysis of adenovirus-infected cells has provided information on the sequence of events in the multiplication cycle of the virus (15, 16) . Some of the most interesting aspects of adenovirus replication, however, have proved refractory to biochemical analysis. For example, the set sequence of events in infected cells suggests that there exist precise regulatory mechanisms that govern the biosynthesis of viral subunits and the selective inhibition of the synthesis of host deoxyribonucleic acid (DNA), ribonucleic acid, and protein. As yet, however, very little is known about how the virus regulates its own replication or the biosynthesis of the host macromolecules.
Conditional-lethal mutants of bacteriophages (4, 9, 10) have proved to be valuable tools for analyzing viral replication, and the more recent discoveries of temperature-sensitive (ts) mutants of animal viruses (2, 5, 11) suggest that these too 1 A preliminary report of this investigation was presented at the annual meeting of the American Society for Microbiology, 1971 (Bacteriol. Proc., p. 223, 1971).
will be valuable for investigating the regulation of virus multiplication. The use of ts mutants seemed to be particularly applicable to investigate adenovirus multiplication since genetic markers were already available in the form of the viral structural components and the events in the viral replication cycle. This communication describes the isolation and preliminary genetic and biochemical characterization of eight ts mutants of type 5 adenovirus. A similar approach used in other laboratories has yielded ts mutants from CELO virus (22) , and types 31 (34), 5 (38) , and 12 (27) adenoviruses.
MATERIALS AND METHODS Virus. The prototype strain of type S adenovirus used in this laboratory was found to plaque with half the efficiency at 39.5 C as at 37 C. We therefore sought a strain which would plaque equally well at these two temperatures. The desired virus designated as the wild-type (WT) strain was obtained after 10 serial passages in KB cell suspension cultures at 39.5 C, followed by two cycles of plaque purification at 39.5 C; all of the ts mutants described below were isolated from it. The efficiency of plating of WT virus 328 (1, 7, 8) . The cells were suspended in the same medium supplemented with 5% horse serum before infection. Viral stocks were prepared either in suspension culture (26) or in monolayers under maintenance medium (17) , hereafter called infecting fluid (IF).
Temperature of incubation and temperature control. The permissive temperature selected was 32 C, and 39.5 C was the nonpermissive temperature. Suspension cultures were incubated in water baths under a 5% CO2 in air atmosphere; the temperature was controlled to 0.1 C by a Braun Thermomix circulating thermoregulator. For the incubation of plates and bottles, a Hotpack CO2 incubator with a fan was used at 39.5 4 0.3 C and a NapCo water-jacketed CO2 incubator at 32 C i 0.5 C.
Infectivity assays. (i) Plaque assay. The previously reported 37 C plaque assay (25) was used with the following modifications. The plates were fed on the seventh day after infection with 3.5 ml of the overlay medium and stained on the 12th day with 2.5 ml of the overlay medium containing 0.014% neutral red; plaques were counted on the 13th and 14th days. At 32 and 39.5 C, the plates were infected and fed as described for the 37 C assay. At 39.5 C the stain was added on day 10, and the plaques counted on days 11 and 12. At 32 C the plates were stained on day 16 and counted until the titer became stable (usually by day 18 or 19).
(ii) Fluorescent focus assay. Infectious virus was also quantitated by an indirect immunofluorescence assay as described previously (14) . The 37 and 39.5 C assay plates were incubated for 24 to 28 hr after adsorption before they were fixed with methanol and stained. An incubation period of 36 to 40 hr was required for virus assayed at 32 C.
Preparation of antisera. The immunization of rabbits with purified type 5 adenovirus, purified hexon, and purified fiber has been reported elsewhere (36, 37 At 60 hr PI, the cells were removed from the flask and concentrated by centrifugation to 5 ml, and the virus was released by freezing and thawing six times. The NG-treated cultures yielded about half the quantity of virus obtained from cultures grown without the mutagen. Isolation of ts mutants. The mutagenized stocks were screened for the presence of ts mutants either directly after mutagenesis (HA and NG) or after one passage in KB cell monolayers at 32 C when nitrous acid was employed. A two-step selection procedure was employed. The first step was an adaption of the plaque-enlargement technique used to isolate mutants of T4 (9) . The mutagenized virus was diluted to give 20 to 40 plaques per plate and inoculated onto KB cell monolayers as described for the plaque assay. The plates were incubated at 32 C and stained with neutral red 14 days after infection. They were reincubated at 32 C for 24 to 48 hr until small plaques appeared. The circumference of each plaque was carefully outlined, and the plates were shifted to 39.5 C for an additional 24 to 48 hr. Plaques that failed to enlarge when shifted to the nonpermissive temperature were picked with a pasteur pipette and suspended in 2 ml of IF. Virus was released by freezing and thawing six times, and the resultant stocks were used for further testing.
The second step of the selection procedure assayed the ability of the potential mutants to produce complete adenovirus cytopathic effects (CPE) at 39.5 C in monolayers of KB cells infected with a low multiplicity (less than 0.1 PFU/cell): complete CPE would be produced only if infectious virus was made as a result of the initial virus-cell interaction. KB cell monolayers were infected in duplicate with <0.01 PFU of the potential ts mutants per cell and incubated for 3 to 5 days at 39.5 C or 4 to 6 days at 32 C. Those viruses producing CPE at 32 but not at 39.5 C were then plaque-assayed at both temperatures as a final test of mutation. Mutants were plaque-purified two more times before a final working stock was prepared. Several parallel stocks of each mutant were made, and the one with the lowest number of revertants was used.
Complementation. Suspension cultures of KB cells (106 cells/ml) were infected with 15 PFU of each of two ts mutants per cell in pairwise crosses; control cultures were infected similarly with 15 PFU of each mutant alone per cell. After 2 hr of incubation at 39.5 C, unadsorbed virus was removed by centrifugation at 800 X g for 15 min, and the cells were suspended to a final concentration of 1.5 X 105 cells/ml in fresh, prewarmed medium. Samples were removed at various times and titrated at 39.5 C by using the fluorescent focus assay.
Recombination The sodium dodecyl sulfate, Pronase, phenol method for extracting DNA from infected KB cells has been described elsewhere (14) . Isopycnic gradient centrifugation of DNA. The DNA samples were diluted to a concentration of 10 Ag/ml in 0.01 M ethylenediaminetetraacetic acid, 0.01 M tris(hydroxymethyl)aminomethane -hydrochloride, pH 8.1. A 0.1 ml fraction of the unknown DNA plus 0.1 ml of the 10 ,.g/ml marker DNA (14C-thymidinelabeled DNA extracted either from uninfected KB cells or from purified virions [14] ) were added to 4.7 ml of a CsCl solution (specific gravity, 1.7 g/ml) prepared in the same buffer. Centrifugation was carried out in a Spinco no. 40 fixed-angle rotor for 72 hr at 35,000 rev/min at 20 C. Four-drop fractions were collected from the bottom of the tube directly onto Whatman no. 3 filter paper discs (2.3 cm). The discs were oven dried, and the radioactivity was counted in a Packard Tri-Carb liquid scintillation spectrometer by using 5 Chemical determination of DNA. DNA was quantitated by the Burton modification of the diphenylamine reaction (3) with herring sperm DNA as the standard.
RESULTS
Growth characteristics of the WT strain at 32, 37, and 39.5 C. The one-step growth curves of the WT strain in suspension cultures of KB cells at the permissive and nonpermissive temperatures, as well as at 37 C, are shown in Fig. 1 . The final yield per cell was approximately the same at all three temperatures. The viral multiplication at 39.5 C was slightly accelerated when compared to the replication at 37 C: the eclipse period ended at 9 to 10 hr PI instead of 11 to 12 hr, and the maximal yield was reached about 10 hr earlier. At 32 C, however, the replication cycle was considerably slower; the eclipse period was about 22 hr, and the maximal yield was not attained until approximately 60 hr PI.
Isolation of ts mutants. Eight independent ts mutants, which replicate at 32 C but not at 39.5 C, have been isolated by using the selection techniques described above. All three mutagens were effective in inducing ts mutants ( failed to increase in size when sifted to the nonpermissive temperature. Of these, 1 to 10% did not produce complete adenovirus CPE in monolayers infected with low viral multiplicities at 39.5 C. The overall frequency for the isolation of ts mutants from mutagenized viral stocks was therefore 0.01 to 0.1 % by using the procedures described. Four thousand plaques from the unmutagenized WT stock and from the prototype strain of type 5 adenovirus were submitted to the same selection procedure to screen for spontaneous mutants, but none were found. All the mutants obtained had reversion frequencies of 10-s or less ( Table 1 ). The numbers given are approximate and varied from experiment to experiment. In most cases, only the maximum possible value for the titer at 39.5 C could be determined because of the cytotoxic effect of the inoculum when low dilutions were plated; the cell sheets on these cultures did not take up any of the stain although cells infected with the next highest dilution had intact monolayers and no plaques.
A second problem was encountered in determining the reversion frequencies of three mutants, ts 228, ts 35 , and ts 38. On plates infected at 39.5 C with more than 10 to 100 PFU/plate based on the titer at 32 C, numerous small plaque-like areas of cell killing appeared at the same time as normal plaques, but the small "plaques" never reached normal size. When these small plaquelike areas were picked and assayed at 32 C, they were found to contain 1 to 2 logs less infectious virus than in normal plaques; about 25% did not contain detectable virus. However, when the yields of these "plaques" were assayed at 39.5 C, only small plaque-like areas again appeared, indicating that although virus had been produced at 39.5 C, its genotype was ts. It is unlikely that these small plaque-like areas were caused by WT revertants because these mutants failed to produce infectious virus in suspension cultures at the nonpermissive temperature (Table 1) . Ishibashi (22) observed similar plaque-like areas on monolayers infected at the nonpermissive temperature with some of the ts mutants of CELO virus, an avian adenovirus. He attributed them to leakiness or cell death owing to an abortive infection. Viral yields in monolayers or suspension cultures infected with the mutants at the permissive temperature were normal or nearly normal when compared to WT yields (Table 1 ). In contrast, the mutants replicated poorly, if at all, in suspension cultures infected at the nonpermissive temperature (Table 1 ). For comparison, the residual titer at 6 hr is also given (Table 1) ; only one mutant, ts 38, produced any virus above the background eclipse value, and even this amount was only 2.5 X 10-5 of the final WT yield.
Complementation. Complementation studies in doubly infected suspension cultures at the nonpermissive temperature were undertaken to group the mutants according to affected cistrons. Figure  2 shows the kinetics of viral production in one cross between ts 225 and ts 332 as well as in cultures infected singly with each mutant or the WT virus. Very little virus was produced in the two controls singly-infected with the mutants. Monolayers of KB cells were doubly infected at 32 C, and the final yields measured at 32 and 39.5 C by using the plaque assay. When the assay plates incubated at 39.5 C were stained, however, the small plaque-like areas appeared in great numbers, even on plates from crosses not involving the three mutants known to produce these small plaques. They were found on all the 39. VT yield. They were picked from plates inoculated with cross be-sufficiently high dilutions to rule out the possibilmentation ity that they were revertants. The occurrence of /cell) was true recombination was also indicated by the f the two crosses between group II mutants in which the r, was reproblem of small plaques did not exist. The reand ts 38, combination frequencies for these crosses are ction was given in Table 3 . The yields assayed at 39.5 C n the sum were 100-to 450-fold higher than the sums of the ns (0.167 two single infections.
Immunological detection of the synthesis of viral he ts mu-capsid antigens by the mutants at the nonpermissive which to temperature. The structural components of the I viruses. adenovirus virion have been well characterized, iich often both immunologically and biochemically. The ,toplasmic capsid consists of three types of multimeric sub- 19) , and units (18): the 240 hexons form the faces and vhich has edges of the icosohedron; the penton base and ,egmented fiber joined together form the 12 corner units of the capsid; and the pentons. In addition, there are from two to four internal proteins associated with the DNA (24, 31, 32) . The ability of the ts mutants to synthesize the three capsid subunits was tested under permissive and nonpermissive conditions by using immunofluorescence and immunodiffusion techniques. The results are summarized in Table 4 and Fig. 3 . shown that viral DNA replication is a necessary prerequisite for the synthesis of viral capsid antigens (13) . One could therefore predict that the mutants in groups II and III would replicate their DNA normally at 39.5 C, whereas ts 225 might be a DNA-minus mutant. To test this hypothesis, the incorporation of 3H-thymidine into DNA was examined in suspension cultures of infected KB cells at 39.5 C from 10 to 13 hr PI. Advantage was taken of the fact that type 5 adenovirus DNA has a buoyant density in CsCl of 1.718, whereas that of KB cell DNA is 1.702, enabling one to separate them by CsCl equilibrium density gradient centrifugation (20) . The sedimentation patterns of the pulse-labeled DNA from the infected cultures are shown in Fig. 4 . It is apparent that host and viral DNA were readily separated by this technique (Fig. 4D) , and that pulse-labeled WT DNA cosedimented with the "4C viral DNA marker (Fig. 4C) ; the absence of radioactivity in the lighter region of the gradient indicated that host DNA synthesis had been shut off by 10 hr after infection. The pulse-labeled DNA from the cultures infected with ts 215 (Fig. 4A) as well as ts 14 and ts 38 (not shown) displayed sedimentation patterns indistinguishable from the WT pattern. Viral DNA synthesis and the shut-off of host DNA synthesis proceeded normally in cultures infected with these mutants at the nonpermissive temperature. Ts 225, however, did not synthesize any detectable viral DNA during the 3 hr of the pulse (Fig. 4B) . The marker DNA in (Fig. 4D) a Suspension cultures of KB cells were infected at 39.5 C with varying multiplicities of ts 225 or WT virus. 3H-thymidine (2 ,Ci/ml) was added from 8 to 10 hr PI. DNA was extracted and centrifuged to equilibrium in CsCl as described in the legend to Fig. 4 .
bCounts per minute of 3H-thymidine incorporated into the host peak when 1 ,ug of labeled DNA was placed on each gradient.
e Counts per min in host peak/counts per min in host peak from uninfected culture X 100. In both cases, 1 ug of labeled DNA was applied to each gradient. (15) . KB cells were infected with type 5 adenovirus in the presence of 10-6 M 5-fluoro-2-deoxyuridine (FUdR); when the FUdR block was reversed 10 hr after infection, viral DNA synthesis began immediately, whereas host DNA synthesis was not resumed (15) .
The type 5 adenovirus genome has a molecular weight of 23 X 106, which is sufficient to code for approximately 25 to 50 proteins (35) . Hence, the three complementation groups described represent only a small fraction of the number of possible cistrons. Seven additional mutants, which are as yet uncharacterized, have been isolated. It is anticipated that the isolation of these and other mutants will increase the variety of genes represented and thus also increase their usefulness in studying the regulation of adenovirus replication.
